Salmonella enterica serovar Enteritidis (S. Enteritidis) possesses plasmids of different sizes and roles. Besides the serovar-specific virulence plasmid present in most field strains, S. Enteritidis can harbour plasmids of low molecular mass whose biological role is poorly understood. We therefore sequenced plasmid pC present in S. Enteritidis strains belonging to phage type PT14b. The size of plasmid was determined to be 5269 bp and it was predicted to encode four open reading frames (ORFs). The first two ORFs were found (initial 3230 bp) to be highly homologous to rom and mbeA genes of ColE1 plasmid of Escherichia coli. Proteins encoded by the other two ORFs were 99% homologous to a restriction methylase and restriction endonuclease encoded by plasmid pECO29 of a field strain of E. coli. Using insertional mutagenesis we confirmed experimentally that the plasmid pC-encoded restriction modification system was functional and could explain the high resistance of S. Enteritidis PT14b strains to phage infection. ß
Introduction
S. Enteritidis frequently possesses plasmids of di¡erent sizes and roles. The most frequent and best characterised is the virulence plasmid with molecular mass around 55 kb [5, 8] . This plasmid is present in up to 90% of ¢eld strains of S. Enteritidis [8] . Besides the virulence plasmid, S. Enteritidis can harbour plasmids of low molecular mass which are found in only about 10% of ¢eld strains. The fact that they are not widely distributed makes them suitable targets for molecular typing [4, 7, 14] . However, their biological roles in S. Enteritidis are nearly unknown and only a few of them have been characterised in detail. In S. Enteritidis, plasmid pFM366 has been shown to encode a non-functional restriction modi¢cation system (RMS) [9, 10] . Also in the related serovar S. Typhimurium, only a few plasmids have been characterised in detail by DNA sequencing and their role in Salmonella remains virtually unknown [2] . A plasmid in the rare serotype S. Borreze was shown to be responsible for the modi¢cation of O antigen [12] .
We have shown recently that S. Enteritidis strains belonging to phage types PT21 and PT14b frequently contain low-molecular-mass plasmids [16, 18] . Later we characterised plasmid pI present in some S. Enteritidis phage type PT21 strains which encodes a very unusual enzyme, a retron reverse transcriptase [17] . Plasmid pC was present in all PT14b strains isolated in the Czech Republic, Germany or The Netherlands. Moreover, a plasmid of similar size to pC was also observed among S. Enteritidis PT14b strains isolated in the USA [14] . Because of the nearly ubiquitous presence of the low-molecular-mass plasmid in S. Enteritidis PT14b we expected that there could be a direct relationship between the presence of the plasmid pC and resistance to infection by phages of the standard phage typing set. Plasmid pC therefore may encode a RMS as already observed among some plasmids isolated from bacteria of the family Enterobacteriaceae [9^11,23]. We therefore sequenced plasmid pC, inactivated the predicted open reading frames (ORFs) by insertional mutagenesis and proved a direct link between the presence of the plasmid and increased resistance of the host cell to phage infection.
Materials and methods

Bacterial strains, storage and propagation
All the strains used in this study are listed in Table 1 . The strains were stored at 370 ‡C in Luria^Bertani (LB) broth supplemented with 15% glycerol. During laboratory passages, the strains were grown in LB broth or agar at 37 ‡C. Phage typing was done according to the standard protocol [21] . Plasmid pro¢ling was carried out as described previously [16] .
Plasmid DNA sequencing
Plasmids were puri¢ed by QIAprep Miniprep kit (Qiagen, Germany) according to the instruction of manufacturer with the exception that the strains were grown on LB agar plates and approximately 4 cm 2 of the dense culture was scraped by loop and resuspended directly in the initial P1 bu¡er. Restriction endonucleases (New England Biolabs, Beverly, MA, USA) were used with bu¡ers following manufacturer's recommendations.
The strategy used for DNA sequencing using an ABI310 Genetic Analyser (Applied Biosystems, Foster City, CA, USA) was the same as described previously [17] . Brie£y, upon cloning of plasmid pC TaqI restriction fragments into ClaI linearised pBluescript, recombinant plasmids were quickly phenol extracted [1] and electrophoresed in 0.8% agarose. Clones containing plasmids of di¡erent sizes were identi¢ed and from them, plasmid DNA was extracted with a QIAprep Miniprep kit (Qiagen, Germany), digested with TaqI and compared with TaqI-digested pBluescript and the plasmid pC. Recombinant plasmids containing di¡erent plasmid pC fragments were selected and used for sequencing using M13 universal primers. The sequences initially obtained were used for the design of walking primers which were used in sequencing with the plasmid pC DNA extracted directly from the ¢eld strain of S. Enteritidis 15/95.
Sequence assembly and homology searches
All the sequences were ¢rst analysed using GeneCompar software (Applied Maths, Belgium). Both the nucleotide and protein sequences of the deduced ORFs were compared with the Gene Bank entries by nucleotide or protein BLAST, respectively.
Insertional mutagenesis
To prove the function of predicted ORFs, the L-lactamase gene from pBluescript was ampli¢ed by PCR and inserted into the unique restriction sites in plasmid pC. Primers used to amplify the L-lactamase, except for their 5P-end modi¢cations containing restriction site of interest were as follows : AmpF 5P-GTT AAG GGA TTT TGG TCA TG-3P; AmpR 5P-GCA CTT TTC GGG GAA ATG TG-3P.
All the PCR ampli¢cations were performed using PCR Master Mix (Qiagen, Germany) according to the instructions of the manufacturer. After the ampli¢cation, the PCR products were puri¢ed with QIAprep Gel Extraction kit (Qiagen, Germany), digested with particular restriction endonuclease (BstBI or SacI), and puri¢ed again with the Gel Extraction kit. The BstBI-digested Amp cassette was ligated (Amersham Ligation kit) with BsaHI-linearised plasmid pC and the SacI-digested Amp cassette was ligated with the plasmid pC linearised with the same restriction endonuclease. After ligation for 16 h at 16 ‡C, the ligation mixture was electroporated (Escherichia coli Pulser, Bio-Rad) into E. coli XL1 Blue recipient cells. Ampicillin resistant colonies were veri¢ed by PCR to contain a L-lactamase/plasmid DNA junction using forward primer derived from the lactamase sequence and reverse primer from the £anking plasmid DNA sequence. From the positive colonies, plasmid DNA was isolated and used for transformation of the selected S. Enteritidis host cells.
Results and discussion
Plasmid sequencing and GenBank comparison
The size of plasmid pC was determined to be 5269 bp. It encodes four predicted ORFs (Fig. 1 ) although in the case of the ORF homologous to mbeA, multiple translational products could be expected [3, 6] . The next ORF was located on the opposite strand (1112^924 bp) and it encoded a protein identical with the Rom protein of ColE1 (100% identity at the amino acid level). The last two ORFs of plasmid pC showed extensive homology (99% identity at the amino acid level for a restriction endonuclease and 96% for a restriction methylase) to plasmid pECO29 which encodes RMS in E. coli [22, 23] . The initial 3230 bp of the plasmid including the mbeA locus were virtually identical (96% at nucleotide level) to the ColE1 plasmid of E. coli [6] . The same region was homologous to two already sequenced Salmonella plasmids, pSFD10 from S. Choleraesuis (unpublished, GenBank accession number AY048853) and pWQ799 from S. Borreze [12] . The homologies among all four plasmids were restricted to the region predicted to code for RNA I (74^5237 bp of the plasmid pC sequence) and RNA II (5232^505 bp) molecules [13, 19] . Plasmid pC contained the rom gene which stabilises the RNA I/RNA II hybrid molecule and reduces initiation of plasmid replication and consequently the number of plasmid copies per cell [20] . This explained the relatively low copy number of plasmid pC as observed indirectly by repeatedly low yields of plasmid pC DNA.
Insertional mutagenesis
To con¢rm experimentally the role of the predicted RMS in phage resistance, the L-lactamase gene cassette was inserted into a SacI site of plasmid pC, outside the predicted RMS, to generate plasmid pCSac, and into a BsaHI site which resulted in the inactivation of the predicted restriction endonuclease (plasmid pCBsa). Both plasmid constructs were used for transformation of selected ¢eld strains of S. Enteritidis belonging to phage type PT4, PT8 and PT14b. The two PT4 and PT8 strains contained the virulence plasmid only, while the PT14b strain was the original donor strain of plasmid pC. Therefore after the transformation of PT14b strain with pCSac or pCBsa, such transformants were passaged three times in the presence of ampicillin, and then twice in the absence of ampicillin. DNA from the resulting clone was tested by PCR spanning the site of L-lactamase gene insertion. As no wild-type-sized PCR product was observed, we concluded that the wild-type plasmid pC was completely replaced by either pCSac or pCBsa.
Inactivation of the predicted restriction endonuclease resulted in increased sensitivity of strain SE15/95 to phage infection and this strain, in which the original plasmid pC was replaced with pCBsa, behaved as if it belonged to phage type PT1. Transformation of SE PT4 and PT8 strains with pCBsa did not in£uence their phage type at all. On the other hand, transformation of SE PT4 and PT8 with pCSac resulted in their conversion into highly resistant strains while transformation of SE PT14b with this plasmid did not a¡ect its phage resistance (Table 2 ). This con¢rmed that plasmid pC encodes an active RMS and that the presence of this RMS is central to increased phage resistance and consequently to the PT14b phenotype. This ¢nding is consistent with our previous observation that this plasmid is present only in strains belonging to phage type PT14b which are resistant to most of the phages of standard typing set. Both the restriction endonuclease and methylase were highly similar to another plasmid-encoded RMS of E. coli [23] . The recognition sequence of the E. coli type II RMS was determined to be CCGCGG [22] . Interestingly, for the S. Enteritidis PT14b strains it has been shown earlier that they possess a RMS which recognises the same CCGCGG sequence [15] . Besides the plasmid pC and pECO29, a fully functional RMS is encoded by the P4 plasmid of Shigella sonnei [11] , while a non-functional RMS was found in plasmid pFM366 in S. Enteritidis [9] . This indicates that protection of the host cell against phage infection might be one of the functions of the lowmolecular-mass plasmids in Enterobacteriaceae. However, the plasmid pro¢le analysis is frequently carried out in parallel to phage typing and therefore identi¢cation of a relationship between the presence of a particular plasmid and a phage type is more obvious than any other biological function.
